Osteoporosis is a well recognized problem affecting millions of individuals worldwide. The ability to diagnose problems in an effective, efficient, and affordable manner and identify individuals at risk is essential. Site-specific assessment of bone mechanical properties is necessary, not only in the process of fracture risk assessment, but may also be desirable for other applications, such as making intraoperative decisions during spine and joint replacement surgeries. The present study evaluates the use of a onedimensional granular crystal sensor to measure the elastic properties of bone at selected locations via direct mechanical contact. The granular crystal is composed of a tightly packed chain of particles that interact according to the Hertzian contact law. Such chains represent one of the simplest systems to generate and propagate highly nonlinear acoustic signals in the form of compact solitary waves. First, we investigated the sensitivity of the sensor to known variations in bone density using a synthetic cancellous bone substitute, representing clinical bone quality ranging from healthy to osteoporotic. Once the relationship between the signal response and known bone properties was established, the sensor was used to assess the bone quality of ten human cadaveric specimens. The efficacy and accuracy of the sensor was then investigated by comparing the sensor measurements with the bone mineral density (BMD) obtained using dual-energy x-ray absorptiometry (DEXA). The results indicate that the proposed technique is capable of detecting differences in bone quality. The ability to measure site-specific properties without exposure to radiation has the potential to be further developed for clinical applications.
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Introduction
According to the National Institutes of Health Osteoporosis and Related Bone Diseases National Resource Center, more than 40 Â million Americans are at risk of fracture due to osteoporosis or low bone density. Osteoporosis can influence surgical decision making and clinical outcomes, particularly in hip and spine surgeries. As the 'baby boomer' generation ages and demands for a continued active and pain-free lifestyle increase, the incidence of joint replacement surgery also increases [1] . With the frequency of total joint and spine surgeries expected to increase over the next decades, the ability to perform accurate in vivo measurement of bone quality in the clinical setting would be beneficial [2] [3] [4] .
Currently, the tools available for bone quality assessment include dual-energy x-ray absorptiometry (DEXA), which is the clinical gold-standard, along with quantitative computerized tomography (qCT) and quantitative ultrasound (QUS), which are more comprehensive. However, none offer comprehensive sitespecific evaluation of bone mechanical properties in a noninvasive and time-efficient manner. Although DEXA scans are considered to be an effective tool to screen for osteoporosis and osteopenia, this is an oversimplification of a very complex mechanical phenomenon. Dual-energy x-ray absorptiometry is a two-dimensional quantification that averages the bone mineral density (BMD) over a large geometric area (not volume) of interest. Contrary to this simplification, bone is anisotropic and nonhomogeneous, and strength in any given direction is influenced not only by BMD, but also by the complex microstructural orientation of the organic collagen matrix in which the mineral portion is embedded. Therefore, the BMD, as determined by DEXA, is just one characteristic of a very complex structure.
Correlations of the BMD with the pull-out strength of various spine implants and fracture strength and risk have been reported [5, 6] ; however the results have been debated [7] and, due to the simplification of the areal BMD, a wide range of correlations have been found. Therefore, supplemental evaluation would be beneficial. Such an evaluation could have a strong impact on clinical decision making, both prior to and during surgeries. For example, many recent novel implants introduced for the treatment of degenerative disorders of the spine are contraindicated for patients with poor bone quality, as determined by DEXA. For example, one such device indicated for the treatment of lumbar spinal stenosis is contraindicated for patients with a T score < À2.5 [8] . However, this T score is based on an average density across the L1-L4 vertebrae, and may not represent the quality of individual posterior elements this device relies upon for fixation and mechanical support. Similarly, some studies have suggested that an anterior-posterior DEXA scan may overestimate the bone quality of the lumbar spine for devices which require vertebral body fixation, such as pediclebased devices, due to the added cortical-rich regions in the posterior elements [9] [10] [11] [12] [13] . Since bone mineral density is just one aspect of the complex understanding of bone quality, a supplemental technique must be developed.
This study introduces and evaluates a novel method for the nondestructive site-specific evaluation of bone mechanical properties based on nonlinear acoustic pulses (i.e., highly nonlinear solitary waves, HNSWs). Highly nonlinear solitary waves are compact agglomerates of energy, which are generated by a balance of nonlinear and dispersive effects in intrinsically nonlinear media, such as granular and layered materials [14, 15] . The fundamental understanding of the formation and propagation properties of HNSWs has allowed the development of several engineering applications, including shock and impact absorbing layers [16, 17] , acoustic lenses [18] , and diagnostic scanning devices [19] . The use of HNSWs as information carriers in biomedical devices offers several advantages over conventional ultrasoundbased technologies, such as QUS [20, 21] . In principle, HNSWs can reach higher signal amplitudes compared to normal ultrasound signals [18] . This is expected to improve the overall signalto-noise ratio and resolution of biomedical instruments; for example, in acoustic imaging. Furthermore, the propagation of HNSWs is highly sensitive to the mechanical properties of inspection media [22, 23] , which can enhance the accuracy and reliability of the mechanical wave-based diagnostic method for biomedical applications.
In the present study, we assembled a granular crystal to generate and propagate HNSWs for the site-specific evaluation of bone properties. To analyze the effects of the bone mechanical properties on the signal response, we employed a discrete particle numerical model [14, 23] that combined the granular chain and bone structural properties to simulate the propagation and reflection of HNSWs. To validate the numerical model, we performed preliminary experimental HNSW tests on a range of artificial bone materials with known mechanical properties. Once the relationship between the signal response and the bone properties was established, we assessed the bone quality of human cadaveric femurs in highly localized bone regions. The bone quality assessment derived from the HNSW method was then compared to the bone density of the cadaveric specimens from the DEXA scans. Using these numerical and experimental approaches, we demonstrated the efficacy of the proposed HNSW-based evaluation method to detect the material properties of human cadaveric bone. Fig. 1 ). A granular crystal consists of a one-dimensional chain of tightly packed spheres that interact according to the Hertzian contact interaction law [19] . A mechanical impact on one end of the granular crystal has been shown to generate single or trains of HNSWs that propagate stably in the chain of particles [14] . Previous studies have shown that the scattering of these solitary waves at the interface between the granular chain and an elastic medium is affected by the mechanical properties of the material adjacent to the granular chain [22, 23] . In this study, the HNSWs that propagate from the interface of the granular chain and adjacent bone were analyzed to investigate the bone material properties.
A single HNSW was generated by impacting the chain of beads with a striker particle, identical to the other particles in the chain. To control the striker impact, we used a DC-powered linear solenoid to release the striker from a drop height of 5 mm [23] . The temporal profiles of both the incident and reflected solitary waves traveling in the chain of particles were recorded using an instrumented bead containing a calibrated piezoceramic layer (TYPE-850, APC International, Mackeyville, PA) [16] . In this study, the instrumented bead was positioned at the 14th position from the interface (i.e., the 7th bead from the top of the chain, excluding the striker). The force histories measured by the instrumented particle were acquired using an NI data acquisition card (PCI-6115, National Instruments, Austin, Texas), which was connected to a computer for digital signal processing.
Numerical Setup.
A discrete particle numerical model [14, 23] was used to analyze the particle's dynamics in the granular crystal and the wave's interaction with the bone specimens. In this model, the particles in the monodispersed granular chain are described as lumped masses connected by nonlinear springs [14] (see Fig. 2 ). The forces between neighboring particles are regulated by the Hertzian contact law expressed as F / d 3=2 , where F is the compressive force and d is the displacement approach between particles [24] . The particle's equation of motion can be expressed as
Here, m is the mass of the bead, u n is the displacement of the given particle from its equilibrium position, and f is the body force applied to the bead (i.e., gravity, in this study). The granular crystal was composed of a total number of N ¼ 20 beads, with the particle n ¼ 0 representing the striker bead having a defined initial velocity. The bracket [s] þ takes only positive values and returns to 0 if s < 0. This means that the discrete particle model for the tightly-packed granular chain is dictated by the double nonlinearity: a nonlinear force under compression and a zero tensile force [25] . The coefficient of the nonlinear spring in the chain Aj c is a function of the elastic modulus (E), Poisson's ratio (v), and the radius of the particles (R). The nonlinear spring coefficient Aj w at the end of the chain is governed by the material properties of the bone denoted by the subscript w, as well as the bead material properties. Ordinary differential solvers in MATLAB V R [26] were used to numerically integrate Eq. (1) and model the formation and propagation of a single HNSW upon the striker impact (see the blue curve in Fig. 1 ). The model also captures the propagation of the reflected pulses, which are generated after the incident HNSW interacts with the bone material (see the red curve in Fig. 1) .
We studied the variation of the reflected HNSWs as a function of the different bone material properties. Specifically, we investigated the relationship between the time of flight (TOF) of HNSWs and the bone's effective stiffness parameter (ESP), which represents the local stiffness of the anisotropic and nonhomogeneous bone structure at specific locations. In this study we defined the impulse's TOF as the time elapsed between the arrival of the incident solitary wave on the instrumented sensor particle in the chain and the arrival of the reflected solitary wave after interacting with the bone. For the analysis, we considered only the arrival of the first reflection (herein referred to as the primary reflected solitary wave) and neglected the formation of secondary pulses. This is because the secondary reflected solitary waves are affected not only by the localized mechanical properties of the bone specimens, but also by their boundary conditions.
It is notable that the discrete particle model, as expressed in Eq. (1), is dictated by the elastic modulus of the bone material, not by the density. In other words, the behavior of HNSWs is governed by the mechanical stiffness of the bone, not by the BMD. Therefore, this proposed HNSW-based method performs a direct assessment of one bone mechanical property, which may be useful as a supplement to BMD measurement by DEXA for a better measure of overall bone quality. By numerically solving the equation of the particle's motion, we acquired the relationship between the TOF and the ESP of bone material. Given the experimentally measured TOF values, we used this numerical relationship to back-calculate the corresponding ESP, i.e., the effective stiffness of bone specimens at specific locations.
Validation Using Synthetic Bone With Known Material
Properties. We first performed experimental and numerical investigations on the responsiveness of the HNSWs to the mechanical properties of neighboring media, using artificial bone materials with clinically relevant material properties. The primary focus was twofold: (1) evaluating the sensitivity of the proposed HNSW-based method, and (2) validating our numerical scheme based on the discrete particle model. The investigation was performed using seven different samples of rigid polyurethane foam (Pacific Research Laboratories, Inc., Vashon, Washington) to simulate clinical bone quality ranging from healthy to severely osteoporotic (see Table 1 ). These polyurethane specimens are designed, tested, and marketed specifically to be compliant with ASTM F-1839-08 "Standard Specification for Rigid Polyurethane Foam The interaction of granular particles with the bounding bone can be modeled using a discrete particle model composed of point masses and nonlinear springs. The experimental data were analyzed in relation to the known properties of the synthetic foam and were then compared to the numerical results obtained from the discrete particle model.
Evaluation of Proximal Femoral Bone Quality

Specimen Preparation.
Ten fresh-frozen human cadaveric femurs were selected to represent a range of bone quality and sizes. High-resolution anteroposterior and mediolateral radiographs were taken of each specimen using an HP Faxitron Series TM x-ray system (438O5N, Hewlett Packard Company, Palo Alto, California) at the standard 15% clinical magnification. Radiographic analysis of each specimen was performed prior to experimentation to determine bone health. Additionally, the radiographs were examined for signs of evident bone disease, injury, or abnormalities. Excess soft tissue was carefully removed in the proximal region of the femur to expose the cortical surface of each specimen. Care was taken during dissection to preserve the natural surface of the bone. All specimens were kept frozen before and after testing and thawed to room temperature immediately prior to HNSW evaluation.
DEXA Analysis.
The bone mineral density (BMD) of all ten specimens was assessed by dual-energy x-ray absorptiometry (DEXA) using a Hologic 2000 bone densitometer (Hologic, Inc., Waltham, MA) and a soft tissue substitute, in order to mimic patient conditions. For each specimen, the standard clinical regions were measured: (1) femoral neck, (2) trochanteric region, (3) inter trochanteric region, (4) Ward's area, and (5) proximal femur. For each scan, area (cm 2 ), bone mineral content (g), and areal BMD (g/cm 2 ) were assessed.
Direct HNSW Measurements of Cadaveric Femurs.
Using the same apparatus that was used to measure the synthetic bone specimens, site-specific nondestructive evaluation was conducted for each cadaveric femur. For each specimen, the HNSWbased evaluation was performed at 12 locations: anterior femoral neck, posterior femoral neck, superior greater trochanter, lateral greater trochanter, anterior greater trochanter, posterior greater trochanter, anterior inter trochanteric region, posterior inter trochanteric region, superior femoral head, medial femoral head, anterior femoral head, and posterior femoral head (see Fig. 3 ). For each location, five repetitive tests were performed to acquire the mean time of flight (TOF) of the primary reflected solitary waves. Based on the numerical relationship between the TOF and ESP developed by the discrete particle model, the local stiffness at different locations of the proximal femur was calculated using the experimentally measured mean time of flight (TOF).
Statistical Analysis.
The categorical input variables for this study were: (1) the BMD measurement areas (five scanning areas of DEXA testing), and (2) the HNSW recording location (twelve testing locations of site-specific HNSW-based evaluation). The primary outcome variables were: (1) the BMD, and (2) the ESP. A statistical analysis was performed to determine the strength of the correlation between the BMD measurements and the HNSW measurements. The SPSS 15.0 statistical analysis software (SPSS, Inc., Chicago, IL) was used to assess the bivariate Pearson correlation between: (1) the proximal femur BMD (nonsite-specific) and the ESP, and (2) site-specific BMD and ESP. Pearson correlation (r) values were determined, each with an associated p-value. Linear regression analysis was used to determine the strength of each correlation, represented by the slope of each regression. Figure 4 reports the experimental and numerical results obtained from the interaction of HNSWs with synthetic bone. The dotted curves represent the experimental signals recorded by the instrumented particle in the granular chain, while the solid lines denote the numerical results derived from the discrete particle model, as described in Section 2. For the derivation of the numerical results, we employed the synthetic bone properties provided by the manufacturer (see Table 1 ). The signals obtained from the different bone materials are shifted vertically to ease visual comparison. The first impulse evident in the plots corresponds to the arrival of the incident solitary wave on the 7th bead in the chain (identical for all tests). The subsequent impulses represent the arrival of reflected solitary waves after the incoming impulse interacted with the polyurethane foam specimens. We observe a dramatic difference in the time of arrival of the reflected waves by comparing the results obtained from the different foam samples. In particular, the HNSW interaction with the more "osteoporotic" specimens results in longer delays in the arrival of the reflected solitary waves to the instrumented sensor than that of the "healthier" specimens.
Results
Preliminary Validation Using Synthetic Bone Material.
The dependence of the TOF on the synthetic bone's ESP is shown in Fig. 5 , both experimentally and numerically. Note that in this synthetic bone testing, the effective stiffness parameters in the abscissa are essentially the nominal elastic moduli of the rigid polyurethane samples due to the homogeneous and isotropic nature of the specimens. It is evident that the TOF of the primary solitary waves exhibit a strong dependence on the ESP of the synthetic bone. According to the experimental results, the TOF in the "osteoporotic" sample (2.13 ms; Sample 2 in Fig. 4) is increased by 61.4% in comparison to the healthiest sample (1.32 ms; Sample 7). A further delay in the arrival time of the primary reflected solitary waves is obtained if the bone quality is degraded to the "high risk of fracture" level (2.49 ms; Sample 1).
In Figs 
The coefficients are shown with their 95% confidence interval. This numerical relationship, based on the discrete particle model, enables us to derive the ESP of bone specimens, given the measured TOF values via the proposed granular crystal sensor.
Cadaveric Bone Testing.
Following radiographic analysis, one specimen had to be excluded from further analysis due to the presence of a large tumor in the proximal femur. Therefore, a total of nine specimens were used for analysis. The analysis was focused on the proximal femur, femoral neck, greater trochanter, and inter trochanteric region.
BMD Results.
The specimens represented a wide range of bone quality, with the proximal femur BMD measurements 2 . The largest BMD measurements were found in the inter trochanteric region, while the smallest were found in the greater trochanter (see Table 2 ).
ESP Results.
The ESP values calculated locally using HNSWs varied depending on the femoral region, as well as on the HNSW evaluation location (see Table 3 ). On average, the highest ESP was found in the posterior femoral neck and the anterior inter trochanteric region, with mean ESP values of 1.90 GPa and 2.20 GPa, respectively. The smallest range of values was found in the femoral head, with mean ESP values of 0.16 GPa to 0.27 GPa.
BMD versus ESP.
Non-site-specific correlations were calculated by correlating the ESP of a specific region, as measured by the HNSW testing, with the proximal femur BMD, as measured by DEXA (see Table 4 ). The largest non-site-specific correlation was found at the anterior greater trochanter and at the anterior inter trochanteric region, both with Pearson correlation values of r ¼ 0.91 and p ¼ 0.001. Figs. 6(a)-6(c) show the correlation between the proximal femur BMD and the ESP measured, respectively, from the femoral neck, the greater trochanter, and the inter trochanteric region.
Site-specific correlations were calculated by correlating the ESP of a specific region in the HNSW testing with the BMD in the corresponding region of the DEXA testing. The largest sitespecific correlation was r ¼ 0.91 and p ¼ 0.001, found for the correlation of the anterior greater trochanter ESP with the greater trochanter BMD. The smallest correlations were found for the anterior femoral neck and the anterior inter trochanteric locations (see Table 4 ). The site-specific correlations between the BMD and the ESP are reported in Figs. 6(d)-6(f) for the femoral neck, greater trochanter, and inter trochanteric regions.
Discussion
The HNSW has the potential of providing useful information for the evaluation of bone quality via the direct contact with bone, particularly, local bone stiffness represented by the effective stiffness parameter (ESP). The reflected HNSWs are formed by the mechanical interaction of the last particle in the granular crystal sensor and the surface of the bone at the contact point (18, 40) . The particles' rebound motion is governed by the local stiffness of the bone structure. This rebound mechanism, controlled by highly localized elastic interactions at the contact point, is the key difference between our measurement and other techniques based on ultrasonic waves. In contrast, conventional techniques can only provide average information over a large bone area through the "pitch-catch" or "impact-echo" scheme [27] .
In this study, the interaction of HNSWs with bone specimens was simulated using a discrete particle model that combines the response of the granular chain and of the bone structure. Based on the wave dynamics in the vicinity of the sensor and bone interface, this numerical model enabled us to establish the relationship between the TOF and the ESP of the bone. The efficacy and precision of this model was experimentally validated by testing synthetic blocks modeled after cancellous bone of varying mechanical properties, representing a range of bone densities. The time of flight varied on the order of milliseconds between the strongest, most dense synthetic testing block and the weakest, least dense sample. This is in contrast to the order-of-microseconds delays obtained with ultrasonic wave measurements for the conventional QUS [21] . This "slower" signal propagation for the HNSWs could potentially translate into a higher reliability, sensitivity, and effectiveness of the HNSW-based diagnostics, but has yet to be established. Further studies are needed.
Following the testing of our numerical model, an in vitro study of human cadaveric femurs allowed the ESP in highly localized bone regions using the HNSW-based testing. Based on the statistical analysis, the ESP measurements were correlated with both the site-specific bone mineral density (BMD) and the non-site-specific BMD, that is, the BMD at the femoral neck, for example, which is often clinically used. This demonstrates the potential capability of the HNSW method to both evaluate the effective stiffness of localized bone regions ans detect differences in bone density. Additionally, the slopes of the regression lines in the femoral neck and greater trochanter of site-specific correlations, which are two regions prone to injury, were greater than those of the regression lines for non site-specific correlations.
The mechanical stiffness of cadaveric femurs, in terms of the elastic modulus, has been broadly studied in the literature. For cortical bone, wide ranges of elastic modulus have been reported, with values as low as 0.69 GPa along the femoral shaft [28] , to values greater than 20 GPa [29] [30] [31] [32] . Similarly, trabecular bone also shows a wide range of elastic properties, with elastic modulus values varying from 0.49 GPa to almost 10 GPa [32] . A more recent study of cortical bone biopsies from osteoarthritic patients showed an elastic modulus range of 0.69 GPa to 3.37 GPa [28] . The values of the effective stiffness parameters measured in our study also show a wide range, between 0.01 and 3.92 GPa, but tend to be in the lower range of the elastic modulus reported in earlier literature [32] . It is important to mention that the proposed evaluation method obtains the localized bone stiffness information in the vicinity of the sensor/bone interface that embraces both the surface of the bone (cortical shell) and the inner (cancellous) material. This suggests that the calculated ESP values in this study are through-thickness properties of bone specimens at selected locations. In addition, it is well known that changes in the bone's material properties can occur in different regions of the bone itself and depend on other confounding factors such as age, gender, bone density, and testing conditions [33] [34] [35] [36] [37] [38] . Therefore, it is difficult to make direct comparisons between the ESP values reported in this study to the elastic moduli reported in the literature.
Clearly, a supplemental site-specific measurement, based on a mechanical measurement, as opposed to bone mineral content, would be beneficial for a more specific assessment of bone quality, since BMD is only one piece of a very complex puzzle that is bone quality. In this study, site-specific correlations between the ESP and BMD (measured by DEXA) were found in the femoral neck, greater trochanter, and inter trochanteric regions. The Pearson correlation values obtained from the measurements were found to be as high as r ¼ 0.91 and p ¼ 0.001. However, low correlations were also found in some regional measurements, such as at the anterior femoral neck (when compared to the femoral neck BMD), with a correlation of r ¼ 0.50. This regional difference could simply be a result of the areal scanning technique employed by DEXA. For example, the BMD measurements may have been more heavily influenced by the posterior region, and thus, the calculated ESP in the posterior femoral neck location correlates better with the femoral neck BMD than the ESP in the anterior region. Additionally, the range of correlations could be due to the nonuniformity of bone tissues, such as anisotropic differences and cortical thinning. In evaluating the results, both the slope of each regression line and the associated p-value were considered. The slope of the line indicated the magnitude of the effect, while the p-value indicated the certainty associated with that relationship. While the statistical significance for the correlations found that comparing the sitespecific and non-site-specific measurements (proximal femur BMD) to the HNSW measurements were comparable, the slopes of the site-specific regression lines were larger. These higher slopes for the site-specific correlations suggested that the HNSWbased evaluation of bone quality is more sensitive in specific regions; hence, the greater change in magnitude for the same change in the BMD, when correlated with specific region bone density measurements.
This study establishes the foundation for utilizing highly nonlinear solitary waves in the nondestructive site-specific evaluation of bone's mechanical properties. The results indicate the proposed evaluation method based on HNSWs is capable of extracting localized bone stiffness measurements for different regions and locations in the proximal femur, thereby providing a compact, quick, and sensitive site-specific measurement of the bone quality. The proposed HNSW-based method could potentially supplement conventional methods of determining bone quality and could prove to be useful for in vivo measurement of bone mechanical properties in the clinical setting.
This study had limitations which need to be addressed in future studies. For example, there was no independent direct measurement of bone mechanical properties, such as by mechanical testing of the specimens. Furthermore, the findings with the novel method were compared to DEXA which, as discussed, has many limitations due to the nature of the areal BMD measurement. In future studies, qCT measurements should be performed, which are directly comparable to the site-specific measurement locations by the HNSW sensor. Despite these limitations, the present study represents a necessary first step toward the development of this method: a novel technique to assess bone mechanical properties when direct access to the cortical surface is available, such as during surgery.
